Abstract. The generation of light pulses with attosecond (10 −18 seconds) duration is studied using laser drivers operating in the mid-infrared region. This paper first examines the fundamental principles of attosecond formation by Fourier synthesis of a high harmonic comb. Experimental demonstration of the extension of the harmonic cutoff is shown using a 2 micron driver. Then, the crucial spectral phase properties, responsible for the pulse structure on the attosecond time scale, are measured with an all-optical technique using a mix of the fundamental pulse with its second harmonic. The expected 1/λ scaling is verified, which demonstrates a practical way towards pulses approaching the atomic unit of time (24 as).
INTRODUCTION
The interaction of radiation with atoms or molecules, one of the basic tools of quantum mechanics, is traditionally applied to uncover the structure of matter. As sources of radiation, lasers have provided new spectroscopic tools with fantastic resolution, given rise to nonlinear optics and to the control of an atom's external degrees of freedom. Strong field atomic physics which includes Above-Threshold Ionization (ATI), High Harmonic Generation (HHG) and, recently, attophysics, belongs to a class of effects which become observable only when the laser interaction energy is comparable or larger than the atomic potential. One physical effect, the quiver motion of a free electron in the electromagnetic field, provides a metric for the interaction: in atomic units the cycle-averaged kinetic energy, also dubbed ponderomotive energy, of this motion is U P = I/4ω 2 where I is the intensity (equivalent to one atomic unit of field = 3.5 × 10 16 W/cm 2 ) and ω the angular frequency (atomic unit= 4.14 × 10 16 s −1 ). The ratio z = U P /ω is a dimensionless parameter which, when ≈ 1, indicates the limit of the strongfield domain [1] . Hence, z is ∝ ω −3 and easily reaches values > 1 at long wavelength. Another parameter, the ratio η of the interaction Hamiltonian to the atomic Hamiltonian is related to the so-called adiabaticity parameter γ = E B 2U P (E B is the ionization energy) by η = 1/γ 2 . The γ parameter was introduced by Keldysh [2] to measure the transition from multiphoton ionization (γ > 1) to tunneling or strong field ionization (γ < 1). Since γ ∝ ω, at constant intensity, the longer the wavelength (the smaller ω), the smaller γ and the more in the strong field regime.
Recent advances in laser technology have resulted in intense, short pulse, mid-infrared (i.e. with wavelength ranging between 1.5 and 4 μm with the current technology) lasers and open a new route to reach the strong field physics domain at lower intensities. Be-sides, and this is the main topic of this article, mid-infrared has a number of advantages in the production of photons and attosecond pulses: (i) As well known, the high harmonics cutoff energy increases as U P , and mid-infrared long wavelength drivers help produce hard harmonic photons since U P ∝ ω −2 . (ii) In the domain of attophysics, the duration of the periodic attosecond bursts of light emitted by the high harmonics is limited by the dispersion (linked to the quantum mechanical nature of the process) of the spectral group delay and the corresponding limitation of the effective spectral bandwidth. Long wavelengths allow the reduction of this group delay dispersion proportionally to the wavelength and therefore produce shorter attosecond pulses by permitting larger bandwidths. It results that such drivers are favorable to the generation of ultrashort soft/hard X-ray pulses, (which currently are at best around 100 as for a photon energy of 100 eV) and offer a promising route to produce pulses reaching the atomic unit of time (24 as).
In the following, Section 1 deals with the semiclassical description of strong field interaction, harmonic generation and attosecond pulse generation by Fourier synthesis. Section 2 briefly reviews the technology of mid-infrared femtosecond pulses as implemented at OSU. Section 3 discusses the scaling of high harmonics cutoff and yield with the fundamental wavelength, and finally that of the group delay dispersion or "attochirp".
HIGH HARMONIC GENERATION OF ATTOSECOND PULSES

Basic principles
Following Keldysh [2] , ionization of, say, an hydrogen atom by a strong electric field E cos ωt is described (h = m = e = 1) as a transition from the ground state to a Volkov state which includes the quiver motion of the free electron in the field and has an asymptotic momentum p. The transition rate is that of a tunneling process through the quasi-static potential barrier formed by the Coulomb potential −1/r and the dipole interaction − E • r. The free electron wavepacket oscillating in the field acquires a kinetic energy ∝ U P which may be transformed into a hard harmonic photon if it recombines with the nucleus after a fraction of optical cycle. This is the essence of the non-perturbative theory of high harmonics [3] . Since this process reproduces every half-cycle it gives rise to a train of light bursts separated by π/ω which, in the frequency domain, corresponds to a series of odd harmonics separated by 2ω (the "plateau"). Theory and experiment agree that the spectrum extends up to a so-called cutoff frequency that is determined by the maximum kinetic energy of 3.17U P acquired by the electron in the field [4] . Filtering a group of N consecutive harmonics yields a series of bursts of duration Δt = π/2Nω if the harmonic spectral phase is constant or linear [5] . Moreover, the theory predicts that among all possible electron quantum paths starting and ending in the vicinity of the nucleus, for each harmonic energy, the main contribution arises from two trajectories only, for which the quasi-classical action is stationary (those are dubbed the short and the long trajectories [5] ). This forms the basis of attosecond pulse generation via Fourier synthesis. In a semi-classical model, where the electron trajectories are calculated using the classical equations of motion, the two classes of trajectories appear naturally, as shown in Fig. 1 
(A).
Attochirp
The synthesis of the first attosecond pulse train by Paul et al. [6] showed that the spectral phase was approximately constant over a few harmonic orders in argon. To achieve agreement with the calculation [5] it was necessary to admit that the experiment somewhat filtered out the contribution of the long trajectories. This was clarified and systematically investigated a few years later [7] . Although the spectral phase appeared to be quasi linear, under careful examination Paul's data revealed a small quadratic term [8] . Since dϕ/dω is associated with a group delay, Δt G , this term corresponds to a group delay dispersion dΔt G /dω = d 2 ϕ/dω 2 or attochirp.
What is the origin of the attochirp? Simply the different lengths of the electron trajectories that give rise to consecutive harmonics. As such, it can be calculated from classical mechanics [8] . A simple argument allows the determination of the scaling as a function of the driving wavelength and intensity ( Fig. 1(B) ). A plot of the trajectory duration, i.e. the difference between the return time and the emission time, versus the harmonic energy is comprised in a rectangle of height ∝ λ /c and width ∝ Iλ 2 (c the speed of light and I the intensity). The attochirp is the slope of the diagonal and is therefore ∝ 1/Iλ (see Ref. [9] ).
The attochirp has obvious consequences on the duration of the shortest burst of light emitted in the attosecond pulse train. To decrease this duration it is not sufficient to increase the bandwidth. Taking into account the group delay dispersion (GDD) shows that there is an optimum bandwidth [10] . One way to compensate for the GDD is by propagating the pulses in a medium with an opposite group velocity dispersion (GVD): for the short trajectories the intrinsic attochirp is positive and must be compensated by a negative GVD found in metals or fully ionized plasmas [9, 7] . Another way is to reduce as much as possible the intrinsic GDD by taking advantage of the wavelength/intensity scaling discussed above. The mid-infrared range is in principle well suited for that purpose with its high energy harmonic cutoffs as well as high energy photoelectrons [11] . As will be shown here, experiment confirms this expectation.
Note that the attochirp is a concept valid in the harmonic plateau. For harmonics generated in the cutoff region the short and long trajectories coalesce and the spectral phase becomes constant [12] . This is one option to produce isolated attosecond pulses by combining sub-10 fs pump pulses and spectral filtering [13] although the drop of the spectral amplitude in that region is a clear handicap. The production of single attosecond pulses is also possible in the plateau using the polarization gating technique [14] that reduces the number of effective optical cycles to one. Long wavelength drivers have another advantage in this case since the number of cycle for a given duration decreases with the optical period which is ∝ λ .
MID-INFRARED TECHNOLOGY The 2μm Optical Parametric Amplifier
Generation of the 2 μm radiation is based upon a commercial optical parametric amplifier (OPA) (Light Conversion HE-TOPAS-5/800). The OPA is pumped by 5 mJ, 50 fs Ti:Sapphire pulses derived from a homemade Ti:Sapphire system, using a small amount of pump light to generate a broadband spectrum via superfluorescence. A narrow spectral portion is then used as a seed with the remaining 0.8 μm light. After six passes in two BBO (beta-barium borate) nonlinear crystals, up to 600 μJ of 2 μm radiation is available. In the basic process of a parametric amplifier, one 0.8 μm photon is split into two lower energy ones: conservation of energy implies that close to 1 mJ of 1.3 μm idler radiation is also generated. The beam quality is fair and it can be focused down to a spot about twice the diffraction limit.
The Difference Frequency Generation 3.6μm source
In this case, two laser pulses are combined in a mixing non-linear crystal. The 3.6 μm radiation is generated through Difference Frequency Generation (DFG): the nonlinear crystal (KTA) converts the wavelengths of 0.815 μm ("pump") and that at 1.053μm "idler") into the "signal" at 3.6 μm. Typically, 2.5 mJ, 100 fs Ti:Sapphire pulses centered at 0.815 μm and 500 μJ, 16 ps Nd:YLF pulses centered at 1.053 μm are used in a 5 mm long KTA crystal to produce 160 μJ of MIR corresponding to 28% of the theoretical maximum possible MIR energy. At the mixing crystal, the Ti:Sapphire and Nd:YLF FWHM spot sizes are ≈ 2.5 mm. Mixing the amplified Ti:Sapphire and Nd:YLF beams requires locking the repetition rates of the two oscillators. To do so, the cavity length of one oscillator must be referenced to the other. The pulse duration was measured by performing an interferometric autocorrelation, which yields a value of 115 fs FWHM.
HARMONIC CUTOFF WITH THE 2μm LASER
The harmonic spectrum is expected to extend to values around IP + 3.2U P where IP is the atom ionization potential [4] . The cutoff is in general not easy to measure because it is not abrupt, because the intensity is averaged over the interaction volume, because of the unknown transmission of the apparatus. The only previous measurement [15] at a wavelength other than 0.8 μm or 1 μm had been performed by Shan and Chang, and illustrated those difficulties. Our harmonic setup includes a soft X-ray spectrometer (Hettrick Scientific) with three different grazing incidence gratings. Differentially pumped with respect to the harmonic source chamber with the gas cell, it is placed at the spectrometer's entrance plane. The dispersed spectrum is detected on a back-illuminated soft-X-ray CCD (charge-coupled device) camera (Andor). Different metal filters (Al or Zr) are used to suppress the fundamental and low-order harmonics.
Excitation with 2 μm pulses produces a dense (consequence of the small photon energy) harmonic comb extending to the Al L-edge at ≈ 70 eV energy. Using a Zr filter instead, the argon harmonic comb is found to extend over the entire Zr filter transmission window (60-200 eV) (Fig. 2) [11] . Measurements using the second Al transmission window establish that the cutoff is ≈ 220 eV, which is consistent with previous calculations and extends the argon cutoff well beyond the previous measurement at 1.5 μm [15] . 
HARMONIC YIELD
The above spectra qualitatively agree with the cutoff law and highlight the effectiveness of the U P -scaling. The scaling of the yield on the laser wavelength however is not as clearly defined theoretically. One must specify what quantities are kept constant and what is meant by "yield" for a single harmonic/ over which bandwidth etc. At constant intensity the scaling found [10] from numerical solutions of the time-dependent Schrödinger equation (TDSE) is ∝ λ −5.5±0.5 , ignoring the phase-matching effects. Experimentally, in argon the yield at constant intensity, atomic density and focusing, over the bandwidth 35 − 50 eV drops by a factor 1000 between 0.8 and 2 μm, close to the TDSE prediction. This confirms the model but naturally does not prevent an independent optimization of the yield at 2 μm. Preliminary results suggest that the brightness of a 2 μm harmonic source can be comparable to that of an 0.8 μm one in the extreme-UV region(ω ≈ 50 eV) and even higher at higher energies (ω ∈ (50 − 200) eV). Consistent with our findings, a recent experimental study with a 1.3 μm driver using capillary tubes as a source demonstrated enhanced phase matching at higher pressure compared to 0.8 μm, as well as a better yield in the corresponding spectral region when compared with a Helium target using 0.8 μm light [16] .
ATTOCHIRP
The attosecond metrology is usually based on photoionization of a target atom (with an ionization energy IP) by a superposition of the weak intensity harmonics and a relatively intense infrared beam [6, 7] . This method called "RABBITT" (Reconstruction of Attosecond Beating By Interference of Two-photon Transitions) has been well validated and documented [9] . It requires however a sophisticated equipment which is under construction at OSU but not yet available. Dudovich and coworkers [17] have demonstrated an all-optical method which is simpler to implement. A small amount of the driving field is converted to its second harmonic (2ω) and propagates with the fundamental beam to the atomic jet where the harmonics are generated. The superposition creates even harmonics (through transitions involving, for instance, an even number of ω-photons and one 2ω-photon). The amplitude of the even harmonics as a function of the relative phase φ between the ω and 2ω fields is modulated at a frequency 4ω and the phase φ max (2q) which maximizes the even harmonic 2q depends on q (see Fig. 4) . The method relies then on theory associating φ max (2q) to the spectral GDD, with an arbitrary shift of the phase origin (fixed at zero for the harmonic generation cutoff in Ref. [17] ). In the original paper [17] , the calculation is based on the assumption that the second harmonic field only slightly perturbs the fundamental and that the even harmonics phases interpolate that of the "normal" odd-harmonics. This is the case as the intensity of the second harmonic is limited to less than 1% of the fundamental. Other calculations [18] drop that approximation and allow higher 2ω fields. It is the Dudovich method which has been implemented and used to measure the mid-infrared attochirp. The experimental setup is similar to the one of Dudovich et al, and is represented in Fig. 3 . The OPA described above yields 550μJ of 2 μm light with a pulse duration of 50 fs, or 900μJ of 1.3 μm light (50 fs). A 300μm BBO crystal tuned out of phasematching generates a small amount of second harmonic polarized perpendicularly to the fundamental. The group delay accumulated between the two color pulses through propagation in air and glass, is compensated by calcite plates. A pair of fused silica wedges is used as well for compensation and to control the subcycle delay between the electric fields of the two pulses. A zero order half waveplate resets the two polarizations along the same direction. The two beams are focused by a silver-coated mirror into the harmonic generation atomic jet (argon or xenon). Phase matching conditions and spatial filtering of the on-axis radiation due to the very small acceptance angle of the Hettrick spectrometer combined to select the contribution of the short trajectory quantum path and eliminate the more diverging one due to the long trajectory. Fig. 4 displays an example of the spectrogram obtained by varying the delay between the electric fields of the fundamental and its second harmonic. The oscillation of the intensity of the even harmonics is obvious, as well as the shift in the delay maximizing a given order. Following Dudovich et al. φ max (q) is extracted to an arbitrary origin and then compared to a simple theoretical modeling in which the quantum paths are limited to the classical trajectories. This is obviously a great simplification and does not yield any information on the classically forbidden cutoff region. It is actually unclear whether the method works in that region.
We first validated the method at 0.8 μm with a result in agreement with both the RABBITT measurement [9] and the ω − 2ω one [17] . Subsequent measurements at 1.3 and 2 μm allowed us to test the wavelength scaling. Fig. 5 presents those results (the attochirp is multiplied by the peak intensity in order to examine the wavelength effects alone), and confirms the expected 1/λ variation. Dudovich et al. stress that their method, in contrast to RABBITT, which measures the harmonic phases on a target which might be located quite far from the source, yields the attochirp in-situ, i.e. where the harmonics are generated. This is both an advantage (to compare with theory) and a drawback (to evaluate the duration of attosecond pulses on target). The experiment clearly demonstrates the reduction of the attochirp with increasing fundamental wavelength. The value of the attochirp is reduced by using a longer wavelength driver from a value of 41.5 as/eV at 0.8 μm to 21.5 as/eV at 2 μm. Obviously, the generated spectra were very different, with a strong extension of the cutoff at 2 μm. As pointed out above, those values consider the intrinsic attochirp of the generation process only, independently of any subsequent compensation. In those conditions, the optimum pulse duration goes down from 250 as at 0.8 μm to 180 as at 2 μm. This corresponds to an optimal bandwidth of ≈12.5 eV at 0.8 μm and ≈20 eV at 2 μm. In theory, the central frequency can be set anywhere in the generated spectra, up to 25 eV at 0.8 μm and 90 eV at 2 μm.
CONCLUSION: THE ATTOPHYSICS FRONTIER
Currently the record for attosecond pulses is 130 as at qω ≈ 30 eV [14] and 100 as at qω ≈ 90 eV [19] . The mid-infrared driving lasers promise attosecond sources beyond the 800 nm harmonic cutoff that are both shorter and brighter. So far it has not been possible to generate harmonics with driving wavelengths longer than 2 μm. However ionization of argon or helium atoms with the 3.6 μm source has been observed [11] and therefore harmonic generation will most likely be achieved in the near future. With the tremendous values of U P created at that wavelength the generation of hard harmonics (currently limited to about 100 eV with the Ti:Sapphire laser) becomes possible. The cutoff has already been pushed above 200 eV using a 2 μm driver. One atomic unit (24 as) of several hundreds eV of central frequency can be envisioned. The current midinfrared sources are hindered by the low intensity of the commercial systems. The 2 μm OPCPA under construction at OSU should remove this limitation and finally open the road to intense X-ray attosecond pulses and thus provide a real chance for the spectacular applications that attophysics promises.
